Introduction
[2] During the extremely low solar activity period of 2008 when solar EUV flux is low and nearly constant, strong and long solar wind high-speed streams (HSSs) emanating from near-equatorial coronal holes are typical and dominate the solar-terrestrial connection [Gibson et al., 2009] . HSSs recur with harmonic solar rotational periodicities at 13.5 and 9 days [Tulasi Ram et al., 2010] . Lei et al. [2011] suggested that the harmonic periodicities are linked to the spatial distribution of long-lived, low to middle latitude coronal holes. As the streams travel in interplanetary space, they catch up with the preceding slow-speed streams and create the corotating interaction regions (CIRs) at the interfaces between the two streams [Tsurutani et al., 1995] . On arrival at the Earth's magnetopause, such streams and CIRs modulate energy transfer into the magnetosphere-ionospherethermosphere system and trigger recurrent geomagnetic disturbances [e.g., Tanskanen et al., 2005] . In response to the high-latitude energy injection, the ionospheric and thermospheric properties such as electron density and thermospheric density are also found to oscillate with the same periodicities [e.g., Tulasi Ram et al., 2010; Lei et al., 2011] . Since high-latitude energy deposition is also known to drive auroral eletrojets, we will investigate whether the periodic variations noted in the solar wind produce a detectable signature in the auroral electrojet activity. It is important to note that, however, the high-latitude energy injection is actually controlled by two main energy transfer processes: solar wind-magnetopause interaction processes (directly driven processes) and energy release processes in the magnetotail (loading-unloading processes). When energy and particles are transferred from the solar wind to the magnetosphere via dayside reconnection, usually both the eastward and westward auroral electrojets experience a smooth enhancement. Meanwhile, a part of the solar-wind energy and particles is stored into the magnetotail. When magnetospheric activity exhibits strong bursts such as substorms, the energy and particles stored in the magnetotail may dissipate abruptly to the high-latitude ionosphere, causing an extra strong westward electrojet to the midnight sector [Kauristie et al., 1996; Kallio et al., 2000] .
[3] The primary objective of this paper is to investigate the response of the auroral electrojets to the recurrent high-speed solar wind streams (HSSs) during 2008 using the IMAGE network magnetic measurements. In this context, first, we compare the global AU/AL indices with the corresponding IU/IL indices determined from the IMAGE magnetometer chain and find out the IMAGE optimal coverage period during solar minimum. Second, we focus our investigation mainly on the 9-day periodicity in the auroral electrojet activity associated with the recurrent HSSs. Further, we discuss the observed results as well as some additional and important implications.
Data Sets
[4] The primary data source used in this work is the geomagnetic field at 10 s cadence recorded by the IMAGE magnetometer stations. The IMAGE magnetometer chain consists of 31 magnetometers ranging in latitude from 58 (Tartu, Estonia) to 79 (Ny-Ålesund, Svalbard), or from 54 to 75 in corrected geomagnetic coordinates [Tanskanen, 2009] . The stations have longitudinal coverage over about 30 from western Norway to the Kola peninsula. The locations of the IMAGE magnetometer stations are shown in Figure 2 of Pulkkinen et al. [2011] . The data are processed in a way analogous to the AU/AL indices to produce the IU/IL indices [Tanskanen et al., 2002] . While the indices can be computed for all local times, the IL index gives a better estimate than the AL index for the global activity in the local time sector 2230-0630 MLT (described in section 3). Similarly, the eastward electrojet response to the IU index is clearly visible only in the local time sector 1230-2230 MLT. From the longitudinal chain, we process the properties of the eastward and westward electrojets, in particular the equivalent maximum current density and total current as well as the latitude of the maximum current density [Amm and Viljanen, 1999; Pulkkinen et al., 2003] .
[5] In addition, the solar wind magnetic field and plasma parameters are available from the 1-h averaged OMNI database (GSM coordinates at 1 AU). Global auroral precipitation estimates on a 1 h cadence are computed by using data from Defense Meteorological Satellite Program (DMSP) and National Oceanic and Atmospheric Administration (NOAA) satellites intercalibrated with each other by Emery et al. [2008; 2009] . For the present study, we use the hourly estimates of the electron hemispheric power (HPe) and the ion hemispheric power (HPi) from the Northern Hemisphere and confine ourselves to auroral energies <20 keV.
IMAGE Optimal Coverage Period
[6] Pulkkinen et al. [2011] investigated the auroral electrojet activity during deep solar minimum at the end of solar cycle 23 using data from the IMAGE magnetometer chain and found that the electrojets moved to more poleward latitudes during 2008-2009 than during other times. In order to find out the IMAGE optimal coverage period during 2008, we use the same method as Kauristie et al. [1996] and compare the global AU/AL indices with the corresponding IU/IL indices by computing the average relative error, E(t), which is defined, e.g., for AL, as
where t is the time (with 1-min resolution). AL and IL are negative and thus E AL is negative when the local IMAGE chain sees stronger activity than the global one (i.e., when IL < AL, but (|IL| > |AL|). In this case the deviation is due to the improvement in the local index when compared to the global one. When the local IMAGE chain is outside the key region, |IL| $ 0 and E AL $ 1. These limit values are valid also for E AU when defined similarly as E AL . The relative errors are then binned to 1-h UT bins. The 1-h averages are used for defining the optimal UT periods when the relative errors are below 0, which we consider as a more reasonable level for global activity monitoring. Our definition for the relative error does not take into account the periods when AL > 0 or AU < 0. Such periods, however, are rare and thus not statistically significant. The UT dependence of the relative errors E AU and E AL are shown in Figure The explanation is that the poleward shift of the electrojet during solar minimum causes the standard observatories (global AU/AL indices) to escape from the zone directly influenced by the electrojets. Nevertheless, the IMAGE chain can give more information of the real situation but, of course, only during some limited UT period.
[7] Then the electrojet data from the optimal MLT sectors can be used to investigate the responses of the auroral electrojets to the recurrent HSSs. For the eastward electrojet, we compute the hourly averages of the total current (EEJ) and the central latitude (Lat-EEJ) in the MLT sector 1200-2200. For the westward electrojet, we compute the hourly averages of the total current (WEJ) and the central latitude (Lat-WEJ) in the MLT sector 2200-0600. Note that for computing the 1-h averages we actually use the data from the MLT periods which are half an hour before the optimal MLT sectors. In spite of large variability (not shown), distinct variation patterns are visible in the hourly averages. To reveal these patterns, the daily averages of the total currents (EEJ and WEJ) and their central latitudes (Lat-EEJ and Lat-WEJ) are shown in Figure 2 . Note that the current direction is defined such that the westward current is negative, and it is plotted in a reversed scale with the absolute value of the current intensity increasing upward. Clearly, both EEJ and WEJ present high-frequency peaks (within each solar rotation period), which are imbedded in the larger timescale variations due to the seasonal variation [see Pulkkinen et al., 2011] .
Auroral Electrojets Oscillations Due to Periodic Solar Wind Forcing
[8] Lomb-Scargle periodograms [Lomb, 1976; Scargle, 1982] are calculated on solar wind velocity V, interplanetary magnetic field B, parallel electric field E PAR , solar wind energy input (the epsilon parameter), Northern Hemisphere (NH) electron hemispheric power (HPe), and NH ion hemispheric power (HPi) to determine the periodicities during 2008. The corresponding results are shown in Figure 3 . The horizontal dashed lines represent the 99% significance level. The parallel electric field is defined as E PAR = E sin(q/2), where E is the magnitude of the solar wind electric field computed as À V Â B and q is the interplanetary magnetic field (IMF) clock angle. The component E PAR gives the electric field component roughly along the large-scale neutral line at the magnetopause and thus is a measure of the reconnection efficiency at the dayside magnetopause [Pulkkinen et al., 2010] . The epsilon parameter is defined as ɛ = (4p/m 0 )vB 2 sin 4 (q/2)l 0 2 , where q is the IMF clock angle and l 0 = 7R E is an empirical scaling parameter [Akasofu, 1981] . Figures 3a-3b clearly show that solar wind parameters (V and IMF B) exhibit pronounced spectral peaks at the periods of 27, 13.5, and 9 days above the 99% significance level. Both solar wind velocity and IMF B affect the magnetic reconnection rate in the magnetosphere, such as E PAR , which do exhibit the corresponding spectral peaks (Figure 3c ). As the dayside merging rate determines the rate of solar wind energy and particle entry into the magnetosphere, it is expected that the solar wind energy input and the auroral hemispheric power (HP) will change coherently with the merging rate. Indeed, Figure 3d (the epsilon parameter) and Figures 3e-3f (HPe and HPi) provide such evidence, respectively. Further, the corresponding periodic oscillations in auroral electrojet activity would be expected. Recall from the electrojet data that the oscillations with multiday periods are clearly seen in both the eastward [Pulkkinen et al., 2010] , (d) solar wind energy input (the epsilon parameter) [Akasofu, 1981] , (e) Northern Hemisphere (NH) electron hemispheric power (HPe), and (f) NH ion hemispheric power (HPi) during the extreme solar minimum year 2008. The horizontal dashed lines represent the 99% significance level, and the vertical dashed lines denote the period at 9 days. and westward electrojet currents (cf. Figure 2) . However, it is important to note that, although the 27-day and 13.5-day periodicities are present in solar wind parameters and also particle precipitation, they may not be solely responsible for recurrent auroral electrojet activity because 27-day and 13.5-day periodicities also exist in solar EUV irradiance which directly impacts the ionospheric Hall conductance [Ahn et al., 1999] . Therefore we will mainly focus on confirming if the 9-day periodicity exists in auroral electrojet activity and varies in the same manner as solar wind parameters as well as particle precipitation.
[9] To examine the 9-day periodicity in the auroral electrojet parameters: the total eastward and westward electrojet currents (EEJ and WEJ), and their central latitudes (Lat-EEJ and Lat-WEJ), Lomb-Scargle analysis is performed in each MLT bin. The periodograms are shown in Figures 4a-4d for EEJ, Lat-EEJ, WEJ, and Lat-WEJ, respectively. The strong 9-day periodicity is evident in these auroral electrojet parameters. Moreover, the spectral amplitudes of the 9-day periodicity vary with MLT. The coexistence of the 9-day periodic variation in both the solar wind parameters and the auroral electrojet parameters supports the cause and effect relationship between HSSs and auroral electrojet activity.
[10] In order to examine the relationship between the 9-day periodicities in the auroral electrojet and particle precipitation as well as solar wind parameters, we apply a band-pass filter to each MLT bin of the electrojet parameters. The band-pass filter is centered at 9 days, with half-power points at 6 and 12 days. Figures 5a-5d show the MLT variations of band-pass filtered 9-day perturbations in the electrojet parameters such as EEJ, Lat-EEJ, WEJ, and Lat-WEJ. The superimposed black curve in each plot is the band-pass-filtered 9-day perturbations in parallel electric field E PAR on the respective days. As expected, the periodic oscillations in EEJ and WEJ are well in-phase with E PAR oscillations, while the periodic oscillations in Lat-EEJ and Lat-WEJ are opposite phase with E PAR oscillations. The opposite phase means that the electrojet central latitude shifts equatorward (poleward) as E PAR increases (decreases). Additionally, the perturbations in these electrojet parameters exhibit significant MLT dependence.
Discussion
[11] The auroral electrojets are mostly Hall currents flowing in the east-west direction and controlled mainly by the north-south component of the electric field and the Hall conductance over the region. According to Kamide and Kokubun [1996] and Ahn et al. [1999 Ahn et al. [ , 2000 , the eastward electrojet fluctuation is largely due to that of the electric field, while the westward electrojet fluctuation is attributed to both the electric field and Hall conductance. Moreover, there are two sources of ionospheric conductance: one is associated with the solar EUV radiation varying smoothly and maximizing near local noon and the other with auroral particle precipitation, which shows a maximum around local midnight [Ahn et al., 1999] . These suggest that the variations of the auroral electrojets are actually controlled by two types of external energy sources, solar wind forcing (including directly driven processes and loading-unloading processes), and solar EUV irradiance. During the solar minimum in 2008, the EUV irradiance does not exhibit any significant spectral peaks at the period of 9 days [Tulasi Ram et al., 2010] . Therefore the 9-day periodicity in the auroral electrojet activity is solely attributed to the recurrent solar wind forcing. In addition, the observed auroral electrojet response to the recurrent solar wind forcing offers several opportunities: (1) to estimate the contribution of the electric field to the eastward electrojet in the postnoon sector, (2) to isolate the Hall conductance associated with particle precipitation in the midnight-postmidnight sector, and (3) to gain new physical insight into the processes governing the eastward and westward auroral electrojets.
[12] In order to investigate the cause and effect relationship between recurrent HSSs and auroral electrojet activity, we proceed with a cross-correlation analysis. The band-passfiltered 9 day periodic perturbations in electrojet parameters (EEJ, Lat-EEJ, WEJ, and Lat-WEJ) in each MLT bin are cross-correlated with the perturbations in solar wind parameters as well as particle precipitation during the entire year 2008, and the zero-lag correlation coefficients (r) are plotted in Figure 6 . For the total currents, the correlation Figure 5 . Band-pass filtered 9-day perturbations in (a) EEJ, (b) Lat-EEJ, (c) WEJ, and (d) Lat-WEJ as a function of MLT and day number. The 9-day perturbations in parallel electric field E PAR are also overlapped as the black curve (right-hand scale). In order to better visualize the 9-day periodicity, the EEJ and WEJ perturbations are represented in percent perturbations relative to 11-day running means, whereas the Lat-EEJ and Lat-WEJ perturbations are shown in absolute numerical values. The band-pass filter is centered at the period of 9 days, with half-power points at 6 and 12 days. coefficients reveal two obvious features: (1) both the eastward and westward electrojet currents are better correlated with parallel electric field E PAR and electron hemispheric power (HPe) than with other forcing parameters; (2) the eastward electrojet shows good correlations (r > 0.6) with E PAR and HPe only in part of its optimal MLT sector, roughly 1200-1800, while the westward electrojet shows good correlations (r < À0.6) with E PAR and HPe in its whole optimal MLT sector. Because there is no significant particle precipitation in local time sector 1200-1800 MLT [Ahn et al., 1999] , the correlation between the eastward electrojet and E PAR is created by the cross-polar electric field coupled to the solar wind electric field [Weimer, 2005] . On the other hand, the westward electrojet correlation is associated with particle precipitation driven by magnetotail convection driven by the solar wind electric field [Ahn et al., 1992] . Finally, the poor correlations in the MLT sector 1800-2200 might be attributed to the impact of other magnetosphere-ionosphere coupling processes associated with energy release in the magnetotail. As mentioned above, the 9-day perturbations in the westward electrojet carry the contributions from both the electric field and the Hall conductance, and the Hall conductance is caused solely by particle precipitation. Therefore the high correlation between 9-day perturbations in HPe and those in the westward electrojet is as expected. However, to understand the relative contribution of the electric field and the Hall conductance, additional data sources such as the electric field data and model simulations are required.
[13] Further, we investigate the sensitivities of the auroral electrojet variations to periodic solar wind forcing for the year 2008. The parallel electric field E PAR is selected to represent the solar wind forcing, and this analysis focuses on the MLT regions where there is a good correlation (|r| > 0.6) between E PAR and electrojet parameters (cf. Figure 6 ). Figure 7 shows the sensitivities of the 9-day perturbations in EEJ, Lat-EEJ, WEJ, and Lat-WEJ to those in E PAR . As we can see, the auroral electrojet parameters tend to saturate when the E PAR perturbations exceed À0.7 or 0.7 mV/m approximately. For the E PAR perturbations between À0.7 and 0.7 mV/m, the black lines are the best linear fit, which show that the sensitivities of EEJ and Lat-EEJ to E PAR are close to 0.06 MA/(mV/m) and À2.83 Deg/(mV/m), respectively, and the sensitivities of WEJ and Lat-WEJ to E PAR are close to À0.12 MA/(mV/m) and À2.14 Deg/(mV/m), respectively. Note that the quantitative relationship between parallel electric field and total current also depends on the background level.
Concluding Remarks
[14] The IMAGE network magnetic measurements are used to study the response of the auroral electrojets to the [15] 1. In MLT sectors 1230-2230 (for IU) and 2230-0630 (for IL), the strength of the limited UT sector index is on average larger than the simultaneous global index (AU/AL). This indicates that in these local times, the IU/IL indices are the better proxies for the global activity.
[16] 2. The 9-day periodicity found in the total eastward and westward electrojet currents and their central latitudes is consistent with a similar periodicity present in solar wind parameters as well as auroral particle precipitation, indicating a clear solar-terrestrial connection between auroral electrojet oscillations and recurrent HSSs rooted in rotating holes.
[17] 3. For the 9-day perturbations, both the eastward and westward electrojet currents are better correlated with parallel electric field (E PAR ) and electron hemispheric power (HPe) than with other forcing parameters. Interestingly, the eastward electrojet shows good correlations (r > 0.6) with E PAR and HPe only in part of its optimal MLT sector, roughly 1200-1800, while the westward electrojet shows good correlations (r < À0.6) with E PAR and HPe in its whole optimal MLT sector. The poor correlations between the eastward electrojet and E PAR and HPe in the MLT sector 1800-2200 might be attributed to the impact of other magnetosphere-ionosphere coupling processes associated with energy release in the magnetotail.
[18] 4. The sensitivities of the eastward and westward electrojet currents to parallel electric field E PAR are close to 0.06 MA/(mV/m) and À0.12 MA/(mV/m), respectively, and the sensitivities of their central latitudes to E PAR are close to À2.83 Deg/(mV/m) and À2.14 Deg/(mV/m), respectively. 
